Abstract: Drinking water production utilities rely on, among other processes, different filtration technologies like bank filtration and slow sand filters, as well as pressure, roughing, or rapid gravity filters that, together with low-and high-pressure operating membranes, help to ensure high quality drinking water for millions of customers all over the world. The global market of membrane separation technologies is projected to reach USD 11.95 Billion by 2021, encompassing water treatment, wastewater treatment, food and beverage processing, industrial gas processing, and pharmaceutical and biomedical applications. In addition to the current, polymer-based membrane separation technologies, new promising strategies using embedded functional motifs, water and ion channels, are expected to play a key role in the next generation of membranes for separation purposes, which are of paramount relevance for drinking water production utilities. In this review, we summarize the different strategies for developing new advanced membranes with a wide variety of functional motifs, like biological and artificial water and ion channels, and their possible impact on drinking water applications.
Introduction
Safe and accessible drinking water remains an issue of major concern throughout the world. According to the WHO fact-sheet, 89% of the world's population used an improved drinking-water source at the end of 2011. However, an estimated 768 million people did not use an improved source for drinking water, while 185 million people relied on surface water to meet their daily drinking-water needs. Advances in management as well as technology tools for drinking-water production, distribution, and wastewater treatment, together with appropriate policy and specific water-related programs, helped to substantially improve the accessibility of safe drinking-water for many people all over the world.
According to the current agenda of the United Nations for sustainable development 2030, water represents a pivotal issue for several of the 17 sustainable development goals. However, in particular, goal number 6 states the intention to "ensure availability and sustainable management of water and sanitation for all". Furthermore, point 6.a highlights the importance of expanding international cooperation with developing countries in water-and sanitation-related activities and programs, including water harvesting, desalination, water efficiency, wastewater treatment, recycling, and resource technology. Many of these activities rely on the systematic use of membrane technologies for desalination, wastewater treatment, water recycling, and in general, for drinking-water production. Membranes play a pivotal role in drinking water production. Hence, their price is a key factor that makes the technology inaccessible for poor countries. The development of new membranes that can reduce cost will help to achieve sustainable development goals.
Membranes are typically made of polymeric, organo-mineral, ceramic, or metallic materials related to a variety of filtration techniques characterized by different pore-size (ranging from dense to porous membranes). Depending on the pore-size and typical pressure requirements, the key membranes can be classified as one of microfiltration (2 to 0.1 µm and 1-4 bar), ultrafiltration (0.1 to 0.005 µm and 2-7 bar), nanofiltration (0.005 to 0.0005 µm and >6 bar), and reverse osmosis (<0.5 nm and >10 bar). These membranes are used for different tasks depending of the type of dissolved and suspended components to be rejected. Hence, microfiltration is used to reject suspended particles, ultrafiltration to reject bacteria and viruses, and nanofiltration and reverse osmosis to reject dissolved components e.g., salts.
Non-solvent induced phase separation (NIPS) and thermally induced phase separation (TIPS) are the two most common fabrication methods for polymeric membranes, which are represent 85-95% of the current membrane market. There are many reviews and books devoted to the different fabrication methods, as well as their specific issues [1] [2] [3] [4] [5] [6] . This information is outside of the scope of the current review.
It is foreseen that new, advanced membrane technologies will play a dominant role in the future of production capabilities, management, and operation of drinking-water and waste-water utilities. These technologies will have a further significant impact on different separation duties in a wide range of industries, including among others, beverage, health care, food processing, and microchip fabrication. The success of these new technologies depends not only on their suitability in lab operations, but also on their suitability for an increasingly demanding market, in which economic and regulatory factors will play a dominant role in the possibility of developping and commercializing new membrane technologies.
The current review will summarize the different strategies taken for ion-channel or water-channel incorporation into membranes, with potential uses in drinking water production. A water-channel is a molecular pore that is selective to the flow of water, while ion-channels are molecular pores which are selective to the flow of one or more specific ionic species (anions or cations). Both can potentially be used as functional motifs to purify water. Most of this work has been done at a very fundamental level over lipid-or polymer-based supports. The relevance of artificial water channels was highlighted by Barboiu [7] , while other natural strategies like the use of Aquaporins have been summarized in several reviews and books chapters [8] [9] [10] . The path from fundamental development towards an industrial application is long and will require further research. This review will discuss different functional motifs divided between water-channels and ion-channels, both naturally and artificially made. It is expected that in the future, these new membranes will take their place among the reverse osmosis, nanofiltration, electrodialysis, and forward osmosis processes, covering pore sizes between 1 Å and 10 nm. Different issues associated with practical membrane feasibility, steps towards commercialization, policy and regulations, and other relevant issues for industry will be highlighted. Nowadays, most of these membranes are in a low TRL level (Technology Readiness Level), and cannot be compared with current commercial membranes. Whether these new emerging functional membranes with wateror ion-channels will reach the market will depend on many factors, and the aim of this review is to describe the present situation, as well as to highlight some development challenges on the path to commercialization.
Membranes with Water Channels
The incorporation of water channels as functional motifs in membranes for drinking water production or wastewater treatment are a natural option for the development of new functional membranes. A recent feature article summarizing developments of artificial water channels was published by Barboiu [11] . The number of new water motifs used in fundamental science is continuously increasing. While the specificity of the channels for water is not always ensured, other ion channels had been proven to be suitable for water filtration on a laboratory scale. There is still a long path ahead before these functional motifs become a standard in the water industry. In the following sections, the most promising systems are being highlighted.
Aquaporins
Aquaporins (AQPs) can be incorporated into a single bilayer membrane (lipid or polymer-based) or encapsulated into vesicles with AQPs into a dense polymer matrix [12] . The first approach results in low mechanical stability and salt rejection, while the second has other drawbacks related to e.g., ionic leakage and vesicle packing. Further research is required to overcome all inherent problems [13] , but on the other hand, Aquaporin A/S (Denmark) and its Chinese joint venture Aquapoten have started to commercialize tap water reverse osmosis elements for household water purifiers with AQPs immobilized in a polymer layer. Mangrove Membranes, a subsidiary of Applied Biomimetic, focuses its operations on Aquaporin production, as well as on the development of biomimetic polymeric membranes suited to functional membrane protein reconstitution. The company operates in Denmark and the USA, and sells different membrane modules, with a special focus on dairy in industry, selling AB DairySep™ UF Dairy.
Wang et al. [14] developed the biomimetic nanofiltration (NF) membrane by immobilizing an Aquaporin Z (AqpZ)-incorporated supported lipid bilayer (SLB) on a layer-by-layer (LbL) complex polyelectrolyte membrane to achieve excellent permeability and salt rejection with a high stability. The main advantage of this approach is the Aquaporin incorporation methodology that is easy to apply compared with other reconstitution methods.
More recently, Xia et al. [15] reported on designed and commercially available the Aquaporin Inside flat-sheet membrane, developed for forward osmosis (FO) by Aquaporin A/S, Lyngby, Denmark. A study on the AQP membranes found them to exhibit water and reverse solute flux performances similar to those of other commercially available FO membranes.
However, the use of AQPs in membranes remains challenging, due to the lack of an effective strategy to stabilize AQPs and fabricate robust membranes. In a recent article, He et al. [16] reported the utilization of an amphiphilic peptide (BP1) to successfully stabilize AQPs, and used the resulting protein-BP1 complex for desalination purposes. Gonzalez-Perez et al. [17] investigated the stability of AQP in polymersomes using ABA triblock copolymers with poly(dimethylsiloxane) and poly(2-methyloxazoline) blocks. The stability that can be achieved under precise lab conditions may not be possible under real conditions using seawater, wastewater, or other common water sources. Another key problem for Aquaporin-based membranes is to keep the membrane functional at a wide range of temperatures. Aquaporins operate inside living organisms, and are optimized by nature to be functional in a limited range of temperatures. Industrial applications will need to ensure stability under a wider range of temperatures. The temperature issue, together with the mechanical integrity of the membranes, are two key challenges which need to be addressed.
The success of the Aquaporin-based membranes will strongly depend of keeping a low production cost and better filtration performance than the existing membranes on the market. How these new membranes will cope with unavoidable fouling problems that characterize all membranes given enough operation time remains to be seen. Conventional cleaning methods will certainly affect the aquaporin functionality, and it is most likely that innovative approaches for dealing with fouling on these membranes will need to be developed.
Carbon Nanotubes and Other Unimolecular Channels
Carbon nanotube (CNT) membranes have been recently highlighted by Das et al. [18] for the next generation water desalination, while the advances, challenges, and opportunities have been summarized by Kar et al. [19] , and more recently by Lee et al. [20] . Due to high water permeability-on the order of 9.0 × 10 8 water molecules per second and channel [21] -it has been getting increasing attention as a suitable system for water filtration. Carbon nanotubes can be incorporated into solid-state membranes or soft polymeric ones. This possibility yields substantially more mechanical stability than that of Aquaporin-based membranes. If pressure is needed for the water to flow in a specific direction, as happens in RO processes, the mechanical stability of the membrane is of paramount relevance.
Lee et al. [22] developed a millimeter-thick ultrafiltration membrane using carbon nanotubes that can provide water permeability that approaches 30,000 L m −2 h −1 bar −1 , compared to the best water permeability of 2400 L m −2 h −1 bar −1 reported for carbon nanotube membranes. Experimental results revealed that the permeance increases as the pore size decreases, while the carbon nanotube walls of the membrane impede bacterial adhesion and resist biofilm formation. This represents a key step forward towards the total avoidance of fouling, making this approach a very attractive one for further development.
Song et al. [23] recently investigated the effect of carbon nanotube (CNT) location on the property and performance of membranes. Four different types of membranes were prepared, including (1) thin film composite (TFC, polyamide active layer on polysulfone substrate), (2) nanocomposite-supported thin film composite (nTFC, polyamide active layer on CNT-embedded polysulfone substrate), (3) thin film nanocomposite (TFN, CNT-incorporated polyamide active layer on polysulfone substrate), and (4) nanocomposite-supported thin film nanocomposite (nTFN, CNT-incorporated polyamide active layer on CNT-embedded polysulfone substrate). Their results showed a water permeability following the sequence: nTFN > TFN > nTFC > TFC. Different membrane configurations may also display different mechanical stability, and high mechanical stability should be accompanied by good water permeability, i.e., suitable for water filtration purposes.
Pillar [5] arenes have been also used as unimolecular water channels embedded in bilayer membranes. Si et al. [24] reported the first examples of those artificial water channels using polyhdrazide-pillar [5] arenes that are able to form h-bonded tubular structures displaying low permeability. In a more recent paper, Shen et al. [25] developed the next generation of these compounds, adding hydrophobicity to the molecule using peptide attached motifs. While the first generation of Pillar [5] arenes showed low permeability [24, 26, 27] , in the order of 40 water molecules per second per channel, the latest generation developed by Shen et al. [25] showed permeability in the range of Aquaporins and carbon nanotubes, achieving 3.5 × 10 8 water molecules per second per channel. Despite their good performance in comparison with Aquaporin-based membranes, there is still no single product available on the market; this indicates a long road ahead towards the development of a working membrane suited for market applications.
Furthermore, cyclic peptide nanotubes have been tested for water permeation. In a recent paper, Maroli et al. [28] studied the structure, stability, and water permeation of the
) cyclic peptide on different phospholipid bilayers using 100 ns independent molecular dynamics (MD) simulations. However, the authors found that the permeation coefficients demonstrated that water flow in the channel relies upon the environment, which limits their possible applications. This approach is interesting for increasing our overall knowledge of the incorporation of functional motifs as artificial water channels. However, their dependence on environment for suitable water permeability substantially limits their applicability.
Self-Assembled Channels
The number of self-assembled channels devoted exclusively to water permeation is limited. However, due to the versatile fabrication process of those channels, more development is expected in the near future. Some of the most relevant existing, self-assembled channels are highlighted here.
Despite their potential for developing suitable membranes for water filtration, currently, no commercial membranes have been developed using this approach.
Dendritic dipeptides self-assembled via pi-stacking, which generate stable helical pores of 14.5 A diameter [29, 30] , are suited for water transport, and have resulted in a variety of water channels based on supramolecular polymers; see the recent review by Krieg et al. [31] .
Imidazole-Quartet Water and Proton Dipolar Channels have been reported by Le Duc et al. [32] . The authors used ureido imidazoles 1 and 2 to construct I-quartets mutually stabilized by inner water dipolar wires, reminiscent of G-quartets stabilized by cation templating. The encapsulated water molecules form one H-bond with the inner wall of the I-quartet nanotube, and one with an adjacent water molecule. However, water specificity was not found, as water molecules and protons can permeate bilayer membranes through I-quartet channels, as the authors comment.
Self-assembling sub-nanometer pores with unusual mass-transport properties have been developed, as reported by Zhou et al. [33] . In their work, the authors report a strategy for enforcing the nanotubular assembly of rigid macrocycles in both the solid state and solution, based on the interplay of multiple hydrogen-bonding and aromatic π−π stacking interactions.
Water-Binding Foldamers have been used by Ong et al. [23] to encapsulate water dimers. The molecules form hydrophobic helical channels by pi-stacking of aromatic units. Most recently, a series of indolocarbazole-pyridine (IP) oligomers were prepared that fold into helical conformations, and their folding features in solution and in the solid state were prepared by [34] . These oligomers form molecular tubes containing one-dimensional water chains.
All the systems suggested in the last three paragraphs have limitations related with the use of lipid membranes as a support for reconstitution. Lipid membranes are mechanically unstable and cannot be used directly as a water filtration membrane that, in the case of RO, needs to stand high pressures. It is still interesting to mention that the same reconstitution approach could be use on polymer-based membranes that mimic the ABA structure of lipid membranes (A = hydrophylic, B = hydrophobic) but display high mechanical stability. The incorporation of lipid-based membranes into a polymeric matrix could improve the mechanical stability and represent an alternative to direct reconstitution in pure polymeric membranes. So far, no membranes have been developed using this approach for commercial applications.
Membranes with Ion Channels
Drinking water production relies upon the production of water with the right balance of ions in a way that is acceptable for human consumption. Membranes that selectively remove or concentrate ions can be used under specific conditions to achieve an ionic water balance, cleaning polluted water. The number of artificial ion channels reported is large, and it is out of the scope of the current review, with a wide variety of supramolecular structures like cyclodextrins, calixarenes, helical and cyclic peptides, crown ethers, metal-organic, and hydrogen bonded frameworks, among others. In the following paragraphs, some artificial ion-channel structures are discussed as a possible tool for selective ion removal from polluted water. This may have interesting industrial applications; for example, for ion-recovery in some industrial processes, or pollutant removal in the mining industry. A good example of a side-application of RO utilities could be the extraction of Lithium ions, that are abundant in seawater. This has implications for the mining industry, which uses chemical treatments to extract lithium from rocks and brines [35] .
Cyclodextrins and Calixarenes
Cyclodextrins have been identified for a wide range of applications that have been summarized by many authors in books and reviews [36] [37] [38] [39] [40] [41] . It has been proven that half-channel derivatives of cyclodextrins provide a suitable approach to create artificial active ion channels. This strategy has been highlighted and summarized in a recent review by Chui and Fyles [42] . However, irregular conductances rooted in defects on the membranes may limit their applicability for the selective removal of specific ions. The difficulties associated with preparing a sealed membrane keeping cyclodextrins as a single functional channel makes it difficult to apply this technology to drinking water production. More research needs to be done to develop alternative membrane supports suited to water filtration applications.
Transmembrane ion transport by calixarenes and their derivatives was investigated by [43] . These macrocycle molecules are suited for size-based ion recognition, with membrane-spanning substituents that allow the target ions to traverse a phospholipid bilayer. An artificial sodium ion channel from calix [4] arene was studied by Lawal et al. [44] . In their work, the authors confirmed with lipid bilayer experiments that 1,3-alt calixarene functions as an artificial transmembrane ion in the presence of Na + , but not K + . Calix [4] arene-based ligands have been shown to be voltage-dependent potassium channels [45] . More recently, chloride transport has been investigated using a calix [4] arene derivative in a DOPC bilayer [46] . Calixarenes are an interesing approach; they somehow inherit the aforementioned structural problems of cyclodextrins.
Interesting specific ions like chloride and sodium are present in high concentrations in seawater, while other ions present in the taling ponds of mining operations are examples to be targeted by artificial ion channels incorporated into robust membranes for selective removal and concentration. The possibilities for cylodextrins and calixarenes to supply a cheap and robust solution for ion removal are still to be explored, and operational membranes to be developed and tested.
Peptide Nanotubes
The use of natural and artificial peptides as alternatives to ion water channels have attracted considerable attention because of their potential use in a wide range of areas, like material science, sensor development, biomedical, pharmaceutical, and environmental applications etc. [47] [48] [49] [50] . Embedded into reconstituted biological membranes, artificial polymer-based alternatives, or in solid or soft supports, peptides can be fabricated, and their properties tuned to match the needs of a wide variety of specific applications [51, 52] . Cyclic and helical peptides are a good way to prepare artificial ion channels to be incorporated into lipid or polymeric membranes [52] .
Pore-and channel-forming peptides and their mimetics were recently summarized by Fandinho [53] . The use of peptides for pore formation was, together with proteins, synthetic organic compounds, and DNA, recently reviewed by Howorka [54] . Gramidin has inspired research on peptide pore formation and its application as an ion channel; even water permeability has been investigated on this biological channel [55] . Recent studies by Saeki et al. [56] showed the possibility of using a supported lipid bilayer with gramicidin A water channel for reverse osmosis.
This approach is one of the most promising, because peptides are easy and cheap to produce, and their chemical structure is known in a very precise way. They can be incorporated both in lipid and polymeric membranes, and the studies don't need to rely on keeping specific biological conditions that will limit the range of applicability. Peptides represent an open road for developing artificial membranes for water filtration, with a focus on specific ions that need to be removed. The applications for environmental remediation when ionic species pollute water reservoirs are of special interest. Chemical and mechanical stability can be tuned during synthesis, and in principle, there is no limitation for reconstitution in abiotic environments like polymer-based membranes of matrix composites. Stability at a wide range of temperatures can be achieved by giving the peptide the right chemical configuration, resulting in plenty of room for innovation and development of membranes for unconventional applications.
Other Artificial Ionic Channels
Membrane nanopores can be built using different strategies. A recent review summarizing different approaches was publised by Howorka [54] . In this review, the author critically compared the characteristics of the different building materials, and explored the influence of building material on pore structure, dynamics, and function. Some interesting examples of artificial ion channels that distinguish themselves from those previously highlighted are shown here. For a more comprehensive description, a recent review on the current advances of nanoporous membranes for water purification was published by Wang et al. [57] .
Recently, artificial channels with two distinct conductance states have been created using a metal-organic porous molecule, namely coboctahedra [58] . The open pore time of each conductance state through distinct apertures, and the switching between them, can be controlled. This opens interesting possibilities to promote active control of cell signaling, or channelopathy, as the authors mention, but also, the selective removal of ions in polyionic solutions present in, for example, some wastewater produced in mining operations.
The use of DNA as a tool to form nanochannels is another interesting strategy [59] . In a recent paper, Göpfrich et al. [60] showed transmembrane porins made from DNA origami that display large-conductance. The authors used DNA to build the largest synthetic pore in a lipid membrane to date. The incorporation was achieved using 19 cholesterol tags to anchor a megadalton funnel-shaped DNA origami porin in a lipid bilayer membrane.
Water purification through nanoporous graphene has been proposed, and an example by Cohen-Tanugi and Grossman [61] using molecular dynamics was published. In their work, the authors showed that nanometer-scale pores in single-layer freestanding graphene can effectively filter NaCl from water. Additionally, a review of different wto-dimensional nanostrutures, highlighting graphene for water purification, was recently published by Dervin et al. [62] .
Heiranian et al. [63] recently demonstrated, with the support of simulations, that a nanopore in a single-layer molybdenum disulfide could effectively reject ions, and allow transport of water at a high rate. The authors concluded that pores with only molybdenum atoms on their edges led to higher fluxes, which are~70% greater than those of graphene nanopores. This single-layer MoS 2 nanopore could be a promising tool for water desalination. However, practical studies need to be developed to confirm the predictions of these simulations.
Future Development
The road to the commercialization of membranes with functional channels for drinking water is full of promises and challenges. The use of functional motifs, with or without specificity, embedded in a suitable support, will reduce membrane production cost, and potentially increase selectivity on the ionic species to be removed. Drinking water production utilities will certainly benefit from this innovative technology, that promises to reduce costs and increase efficiency. In the following paragraphs, some of the key challenges will be highlighted.
The cost of the membranes, in particular for drinking water, is a challenge. Current membranes are based on commodity polymers like polysulphone/polyethersulphone, polyamide, and cellulose. Future membranes must be competitive, either directly from a cost base, or from a cost-flux/productivity perspective. However, to utilize the higher fluxes based on the functional channels, new module concepts are required to promote sufficient turbulence to minimize the effects of concentration polarization in an energy-efficient way. In other words, a high flux membrane requires a suitable module in order to utilize its potentials. Furthermore, it should be noted that high flux does not eliminate the effect of the osmotic pressure required to purify water from e.g., salt water.
Another important aspect is the scalability of the membrane and its production. As Rickard Baker [64] recently highlighted, the production of a 50 cm 2 membrane might be sufficient for a good publication, but on an industrial scale, thousands to millions m 2 of membranes need to be produced in a consistent way. Hence, it is important that the membrane production concept is scalable.
Furthermore, the life cycle of current polymeric membranes is typically in the range of one to five years, depending on the application. Thus, long-term stability testing is an important aspect in the development of new membranes. During the life cycle, the membrane should be inert, to prevent any leaching of membrane material and a loss of functionality.
The membrane material and the resulting membranes have to be further suitable for certification by national and international bodies, such as NSF International (The Public Health and Safety Company), for drinking water elements for the US market.
Retention of solutes must be kept at a high and stable level throughout the lifetime of the membranes. A loss in retention is devastating for the performance of membranes, and reduces the reliability of the process significantly. To facilitate applications of functional channel membranes, the industry must prove trustworthiness in pilot and full-scale applications in a broad perspective. Then, necessary life-cycle cost, and similar methods to compare the performance of different functional channel membranes with standard membrane technologies, can be established. Such techno-economical charts are essential, and would lead to a broader use of functional channel membranes in the market.
Finally, during the membrane life cycle, it is nearly impossible to avoid membrane fouling. Hence, membrane cleaning is an important part of membrane operation on industrial scale, where cleaning may take place every week, and sometimes every day. To have efficient cleaning, he membranes are typically exposed to temperatures of up to 60 • C, and extreme pHs in the range of 2-10, for standard RO membranes. These conditions are required to achieve sufficient sanitization. It should be noted that, in particular free-chlorine, one of the most efficient and common disinfectants in the water industry, is not compatible with standard polyamide-based RO membranes; a potential gap for future RO materials and membranes.
Overall, in order to be successful in the market, research on functional channels has to address these challenges on the way to commercialization.
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